A characteristic feature of the Daphnia (Crustacea: Cladocera) 
INTRODUCTION
The persistence of natural populations in changing environments depends on their ability to adapt (Chevin et al., 2010) . Adaptive responses to changing conditions can be through plastic and/or genetic mechanisms (Merilä and Hendry, 2014) , which may affect a variety of life-history traits, resulting in distinct phenotypic and demographic signatures (Ozgul et al., 2009; Coulson et al., 2010) . While plastic responses are fast and occur at the level of the individual, genetic adaptation is comparatively slow as it represents a multi-generation, population-level response. Nevertheless, in contaminated environments adaptive evolution can occur within a few generations (Medina et al., 2007) and may be investigated retrospectively in the context of resurrection ecology (Kerfoot et al., 1999; Orsini et al., 2013) .
A case in point of a rapidly changing environment is Lake Orta in Northern Italy. During the last century, the lake was severely affected by industrial pollution and as such has become a model ecosystem for studies of the effects of heavy-metal pollution on the lake's water chemistry and its biota (Calderoni et al., 1992; Bonacina and Baudo, 2001) . From 1926 onwards, disposal of copperand ammonium-sulphate contaminated wastewater of a newly built rayon factory led to a gradual increase of ionic copper and to a steady acidification of the lake with negative effects on all taxonomic groups; within only three years, phytoplankton, zooplankton, and finally fish disappeared (Bonacina, 2001a) . In the late 1950s, copper contamination was markedly reduced (Calderoni et al., 1992) . As a result, copper levels steadily dropped until the late 1960s, remained fairly constant throughout the 1970s, and decreased again upon the enactment of a new law in 1980, which regulated the discharge of industrial wastewater into Italian lakes. The water quality improved further after whole-lake liming between May 1989 and June 1990. Ten years after these liming efforts, copper was virtually absent from the water column and the pH value had returned to neutral levels (Bonacina, 2001b) . Recolonisation of Lake Orta by Daphnia started in the 1980s when the lake was still highly acidic (Calderoni et al., 1992; Bonacina and Pasteris, 2001) . Electrophoretic studies revealed that the population consisted of a single clone of Daphnia obtusa Kurz 1875 (Bachiorri et al., 1991) . In 1989, a Daphnia species of the D. longispina group -later identified as Daphnia galeata Sars 1863 (Piscia et al., 2015) -colonized the lake and, as water quality improved rapidly after liming, eventually (in 1996) replaced D. obtusa from the pelagic community (Bonacina and Pasteris, 2001) . High sensitivity of D. galeata to acidic conditions likely prevented this species from establishing a viable population in the lake at an earlier stage (Ponti et al., 2010) . Allozyme analyses conducted on individuals collected in 2006 revealed an extremely low clonal diversity in the lake's population, corroborating the assumption of recent colonisation in combination with strong clonal selection (Piscia et al., 2006) .
In a recent study on Lake Orta Daphnia, Piscia et al. (2015) compared the life histories of contemporary and ca. 25-year old lineages of D. galeata exposed to different levels of copper pollution. Specifically, Piscia et al. (2015) subjected laboratory-reared offspring from contemporary individuals from the now unpolluted lake and offspring from past, resurrected Daphnia -the latter obtained from ephippia found in sediments deposited during the early phases of lake recovery -to two concentrations of copper, representing early (high pollution) and late (low pollution) phases of lake recovery as well as to current (unpolluted) conditions. By recording life-table data of individually kept Daphnia, Piscia et al. (2015) found that the low-copper treatment had no significant effect on survival and reproduction of past Daphnia when compared to unpolluted conditions, whereas high levels of copper delayed the onset of reproduction, reduced the fecundity, and led to smaller offspring compared to both the unpolluted and the low-copper environment. Contemporary individuals, on the other hand, failed to produce viable offspring at elevated copper concentrations. In unpolluted lake water, however, contemporary Daphnia had a higher fecundity than past Daphnia, suggesting a cost of copper tolerance in the resurrected individuals (Piscia et al., 2015) .
In this study, we reanalyse the data of Piscia et al. (2015) in a biodemographic framework in an attempt to unravel the underlying mechanisms of the observed differences in copper adaptation and the costs associated with increased tolerance in past, resurrected Daphnia. Such a mechanistic understanding of population dynamics is a valuable tool for predicting how populations might respond to future environmental change, a topic that is of increasing importance in the face of global climate change (Petchey et al., 2015) .
METHODS
In this section, we give only a brief summary of the experimental procedures. A detailed description of the laboratory methods can be found in Piscia et al. (2015) .
Contemporary D. galeata were collected in Lake Orta in April 2011 at a depth of 0-50 m. Past D. galeata were obtained from ephippia extracted from sediment layers deposited between 1986 and 1992 (sediment core ORTA 07/1A: Piscia et al., 2012) . During this period, lake copper concentrations were in the range of 30-40 µg Cu(II) L -1 . The ephippia were induced to hatch in the laboratory at the Institute of Ecosystem Study in Verbania Pallanza, Italy. Clones of both contemporary and past Daphnia were cultured in filtered (0.45 µm) Lake Orta surface water at a temperature of 20 (±1) °C and a light/dark regime of 16 h/8 h. They were fed with green algae, Kirchneriella subcapitata Korshikov 1953, at a density of about 22×10 3 cells mL -1 d -1 . All clones were acclimated to laboratory conditions until the F3 generation to avoid maternal effects (Lampert, 2001) .
Experimental Daphnia were taken from the F4 generation. Thirty neonates (max. 24 h old) from both the contemporary and the past lineages were individually exposed to either 40 µg Cu(II) L -1 , 10 µg Cu(II) L -1 or to unpolluted lake water. Individual Daphnia (10 each per population and treatment) were kept in 100 mL of filtered (1.2 µm), copper-adjusted lake water, which was renewed every other day. Survival, number of eggs, and number of offspring produced per day and per female were recorded throughout the entire lifespan of each individual.
Daphnia exhibit different survival and reproductive rates between juvenile and adult stages (Hülsmann and Weiler, 2000; Hülsmann and Voigt, 2002) . Consequently, we constructed a two-stage-structured matrix model to investigate the dynamics of contemporary and past populations in each treatment:
where S J and S A are the respective probabilities of an individual in the juvenile (i.e., pre-reproductive) and the adult stage surviving until the following day, M -the inverse of juvenile developmental time -is the probability of a juvenile maturing to the adult stage, R is the daily reproduction probability of an adult, and E is the average number of eggs an adult Daphnia will produce per reproductive event. N J and N A are the elements of the population vector at a given time step indicating the number of individuals in each life-history stage. Matrix multiplication of the projection matrix with the population vector at time t produces the population vector at the next time step, t+1. As all demographic rates are estimated daily, projection time interval is also one day.
The stage-specific daily survival (S J , S A ), maturation N o n -c o m m e r c i a l u s e o n l y (M), and reproduction (R) probabilities were estimated using generalised linear mixed effect models with the binomial error distribution, and the number of eggs (E) with the Poisson error distribution (Bolker et al., 2009) . Each model included population, treatment, and their interaction as fixed effects and individual as the random effect on the intercept. Resulting models were used to estimate the mean rates for all population-by-treatment combinations. The asymptotic population growth rate (λ) for each population-by-treatment combination was estimated as the dominant eigenvalue of the projection matrix parameterised using the estimates of the respective vital rates. Prospective perturbation analyses are used to investigate the functional relationship between the asymptotic population growth rate λ and the vital rates (Caswell, 2001) ; that is, they explore how much λ changes in response to proposed changes in one or more of the vital rates. As such, prospective analyses predict the consequences for λ of future changes in vital rates. Elasticity analysis, a widely used prospective perturbation, measures the sensitivity of λ to a proportional change in a given matrix element (Benton and Grant, 1999) and therefore enables meaningful comparisons between different matrix elements. Elasticity analysis can be extended to determine the sensitivity of λ to proportional changes in lower-level parameters underlying each matrix element such as the vital rates (Caswell, 2001 ). Lower-level elasticities for Daphnia vital rates were calculated as:
where a ij is the matrix element in row i and column j, and x is a lower-level parameter (i.e., a vital rate).
Retrospective decomposition analyses, on the other hand, are used to investigate how λ changes in response to observed (i.e., past) changes in the vital rates (Caswell, 2001) . The approach quantifies the change in an input parameter and the sensitivity (i.e., the partial derivative) of the response parameter to this input parameter. The actual contribution of the input to observed change in the response is calculated as the product of the change in the input and the sensitivity of the response to input. Although originally developed for the decomposition of the λ, the approach has found a wider use in other ecological (Polishchuk and Vijverberg, 2005; Young et al., 2011) and evolutionary (Hairston et al., 2005; Ellner et al., 2011) contexts. If a vital rate did not change, its contribution to observed change in λ is zero (e.g., juvenile survival probability S J , see below). Using fixed one-way life-table response experiments (LTRE), a commonly used retrospective perturbation analysis (Caswell, 2000) , we investigated the demographic causes of differences in λ between pairs of population-by-treatment combinations. Using a control as a reference matrix (i.e., as the matrix at which the sensitivities were evaluated), the observed difference in λ (Δλ) between the control and a treatment matrix is decomposed into contributions from each of the five vital rates (x i ) as:
where superscripts t and c indicate the treatment and control matrices, respectively. Although R and E are included in the population projection matrix as a product, these two biological processes are accounted for separately as they can be differentially affected by treatments and, in turn, differentially affect the resulting λ. As a consequence, the prospective perturbation analyses will always give the same results for the two parameters, whereas retrospective decomposition will highlight the differences in their contribution.
We incorporated parameter uncertainty into our demographic analyses via a parametric bootstrap method (Efron and Tibshirani, 1993) , where we randomly sampled the life-history data of ten individuals -with replacementfrom each of the population-by-treatment combinations. The resulting distributions of vital rates, population growth rates, lower-level elasticities, and LTRE contributions were estimated using data from 500 bootstraps and are presented as boxplots in figures. All analyses were performed using the statistical and programming language R (Version 3.2; R Development Core Team, 2014) and the GLMM package lme4 (Version 1.1; Bates et al., 2015) .
RESULTS AND DISCUSSION
Contemporary Daphnia reproduced successfully only in unpolluted water and died at elevated copper concentrations on day 10 (Piscia et al., 2015) . In our analyses, we included data of the remaining four population-by-treatment combinations: contemporary-unpolluted (CU), past-unpolluted (PU), past-low copper (PL), and past-high copper (PH).
First, we estimated the vital rates (Fig. 1) . All of the juveniles survived to the adult stage except one individual at the high copper concentration. Consequently, we assumed perfect juvenile survival across the four population-by-treatment combinations. Adult survival was the highest in past, resurrected Daphnia in the unpolluted treatment, but decreased with increasing pollution to values below that of contemporary Daphnia in the unpolluted treatment. Maturation was fastest in contemporary individuals in the unpolluted treatment and slowed down considerably in past Daphnia and with increasing copper concentration to levels below that of contemporary individuals. Furthermore, the probability of reproduction and the number of eggs produced by each female per reproductive event were highest in contemporary individuals. Interestingly, in past Daphnia, these rates were higher at the low copper concentration compared to both the unpolluted and the high-copper treatment, suggesting a tradeoff between survival/maturation and reproduction/ N o n -c o m m e r c i a l u s e o n l y fecundity. All these results are compatible with previous results for longevity, age at first reproduction, and fecundity of the two Daphnia populations (Piscia et al., 2015) .
Second, we used the vital rates to parameterise a stagestructured population matrix in order to estimate the asymptotic population growth rates λ for each population-by-treatment combination. We found that all λ were significantly larger than one (Fig. 2) , indicating that populations were increasing in size. However, high copper levels substantially slowed down population growth in past, resurrected Daphnia. Under unpolluted conditions, fast maturation and high reproductive rates of contemporary individuals translated directly into rapid asymptotic population growth. In fact, in the unpolluted treatment, the λ of the contemporary population was higher than the λ of past Daphnia, indicating genetic differences between populations (Lopes et al., 2004 ) and a cost of copper tolerance in the latter population. The magnitude of that cost (Δλ) was roughly 0.2 (Fig. 2) . Interestingly, past Daphnia performed better at the low copper concentration than under unpolluted conditions, suggesting that the two populations might have adapted to the copper levels they experienced in nature (Piscia et al., 2015) .
Next, using the LTRE analysis, we compared projection matrices pairwise (Fig. 3 ) in order to unravel the relative contribution of each vital rate to the observed differences in λ. Comparison of contemporary and past, resurrected Daphnia (CU vs PU and CU vs PL) gives an idea about the demographic costs of copper tolerance in past Daphnia. We found that reproductive rates in the past population were compromised in order to maintain adult survival (Fig. 3) . Specifically, lower λ in the PU and the PL populations, compared to the CU population, were mainly caused by a lower probability of reproduction, followed by fewer eggs produced per reproductive event and by delayed maturation. In past Daphnia, the slightly higher λ at the low-copper concentration, compared to the unpolluted treatment (PU vs PL), was due to an increase in the probability of reproduction and egg number. The positive effects of these two vital rates on λ outweighed the negative effect of delayed maturation. The decline in λ at the high copper concentration, on the other hand, was largely caused by negative effects of all three reproductive rates (i.e., by delayed maturation, a decline in egg number, and a lower probability of reproduction; PL vs PH in Fig.  3 ). Adult survival probability had only a marginal effect on differences in λ, whereas juvenile survival had no effect at all as it did not vary between populations or treatments (S J =1, see above).
Finally, we performed elasticity analyses for each population-by-treatment combination to explore the functional relationship between the asymptotic population growth rate λ and each of the vital rates (Fig. 4) ; the higher the elasticity of λ to a given vital rate, the larger the effect of an equal proportional change in that vital rate on λ. We found that λ was considerably more elastic to adult and juvenile survival probability than to any of the three reproductive rates, with maturation consistently ranking lowest. Elasticity values to survival rates were similar between the populations with the highest growth rates (CU and PL), but differed more among the different treatments in past Daphnia. Interestingly, when we pushed past Daphnia outside their preferred environment -the low copper treatment -elasticity patterns changed in different directions. Under unpolluted conditions (PU), elasticity of λ to adult survival probability increased, while that to juvenile survival decreased; the opposite pattern was observed at increased copper concentrations (PH). The elasticity values for reproductive rates changed in the same direction, but they were consistently lower than in the contemporary Daphnia.
While LTRE analysis provides a retrospective look at change, elasticity values are used in a prospective framework; for a given population, they predict how changes in the vital rates (e.g., caused by environmental change) would lead to a change in the asymptotic growth rate of that population (Caswell, 2000) . As for the contemporary Daphnia population, our results imply that future changes in Lake Orta water conditions will have a bigger impact on the Daphnia population dynamics, if survival rather than reproduction was affected by the change. Using resurrectionecology methods, predictions like these could theoretically also be examined retrospectively by testing Daphnia from progressively younger sediments, provided that past environmental changes and their effects on Daphnia vital rates were known. We currently lack such information.
CONCLUSIONS
We estimated vital rates of contemporary and past, resurrected Lake Orta Daphnia exposed to different copper concentrations and used these estimates to project the asymptotic population growth rates λ. Additionally, we performed retrospective (LTRE) and prospective (elasticity) perturbation analyses (Caswell, 2000) in order to gain a mechanistic understanding of the population dynamics. Our estimates of vital rates are in line with previous results for longevity, age at first reproduction, and fecundity for the same individuals (Piscia et al., 2015) . Generally, contemporary Daphnia in the unpolluted treatment outperformed past Daphnia regardless of the copper level, but they failed to produce viable offspring in both copper treatments. Interestingly, past Daphnia performed best at low copper levels, suggesting that each of the populations might have adapted to the specific copper levels they experienced at the time they were present in Lake Orta. However, the reduced performance (lower λ) of past Daphnia compared to contemporary individuals implies a demographic cost of copper tolerance in the former population. This cost came in the form of impaired reproduction. Differences in survival rates, on the other hand, contributed only little to differences in λ. Finally, elasticity values of λ were much higher to survival than to repro- Fig. 3 . Life-table response experiments. Contributions of the vital rates to differences in asymptotic population growth rate between population-by-treatment combinations. Boxplot conventions and acronyms are as in Fig. 1 . 
